Net synthesis of protein and RNA in germinating macroconidia of Fusarium solani began at the time of appearance of germ tubes, RNA being formed first; net DNA synthesis began much later. Studies on precursor incorporation indicated that the ungerminated spore, at the time of its removal from the parent mycelium, had a low but real capacity to synthesize both RNA and protein. Leucine incorporation rose very rapidly to a maximum at about 40 min. after harvest; even in the time required for conventional washing and filtration, incorporation capacity increased threefold. Ultracentrifuge profiles showed polysome peaks after I 5 min. incubation ; evidence from ribonuclease treatment was consistent with the existence of polysomes in the spore at the time of removal from the mycelium. Neither protein nor RNA synthesis required a complete medium, but DNA was synthesized only in a medium that supported germination.
mercial source and harvesting and storage conditions were not specified (Horikoshi et al. 1965) .
This paper reports studies in vivo and in vitro on the macroconidia of Fusarium solani, made with particular attention to the problem of determining synthetic activity as soon as possible after separation of the spores from the parent sporophores. Incorporation of precursors and the question of the existence of polysomes are considered here ; preliminary experiments (unpublished) show that cell-free preparations from ungerminated and from germinated spores are able to incorporate phenylalanine and leucine into trichloracetic acid-insoluble materials, the former with polyuridylic acid as template, the latter with endogenous messenger.
METHODS

Organism and cultivation.
A strain pathogenic to Phaseolus vulgaris of Fusarium solani (Mart.) Appel & Wr. f.sp. phaseoli (Burk) emend. Snyd. & Hans., was used, originally from the culture collection of Dr W. C. Snyder, and selected for macrospore production.
This strain produced macrospores after 7 days on a glucose +nitrate + salts + agar medium (Cochrane & Cochrane, 1966) ; 400 ml. medium in a Fenbach flask yielded about 2 g. (wet wt) spores. For germination by germ tube, the organism required, in addition to sources of carbon, nitrogen and inorganic ions, a factor in yeast extract replaceable by ethanol (Cochrane, Cochrane, Simon & Spaeth, 1963) .
Spores were harvested on 41-H Whatman filter paper in sterile cold (4' ) 0.1 M-KH2P04-K,HP04 buffer (pH 63), washed twice on the filter with the same buffer, and suspended in the buffer at I g. (wet wt) per 50 ml. One-tenth volume of this spore suspension, yielding a final spore concentration of 2 mg./ml. (1.1 to 1.4 x 106 spores/ ml.), was added to the appropriate medium.
The complete germination medium contained glucose, 20 mM; NH,H,PO,, 4 mM; MgSO,, 2 mM; ethanol, 6 m~; and KH,PO,-K,HPO, buffer (pH 6.5), 30 mM. Ethanol was sterilized by filtration, the other constituents by autoclaving 15 min. at 121O, the glucose separately. In experiments in which germination was not desired, ethanol was omitted. In all experiments except those of Fig. I , spores were incubated in flasks on a reciprocating shaker (stroke 3-6 cm., 96 cycles/min.) at 25O. For the analyses of Fig. I a stirred and aerated fermentor (Fermentation Design, Inc., Allentown, Pa) was used with 2500 ml. of complete medium in a 5 1. jar; aeration at I vol. air/vol. medium/min., and a stirring rate of 400 rev./min. Under these conditions the rate of germination was the same as that found in shaken flasks.
Chemical determinations. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1g51), using bovine serum albumin (Armour) as the standard. RNA was estimated by the orcinol method (Schneider, 1g57), with yeast RNA (Sigma Chemical Co.) as the standard; the crude value was corrected for DNA. DNA was determined by the method of Burton (1956) , modified by the substitution of 1.0 N for 0.5 N perchloric acid.
Whole organisms which had been exposed to radioactive precursors were fractionated by consecutive extractions (with intermediate washings) by cold 5 % (w/v) trichloracetic acid (TCA), hot 5 % (w/v) TCA, and 0.2 N-NaOH for pool, nucleic acids and protein, respectively. Protein was routinely precipitated with 5 % (w/v)
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TCA, washed, and redissolved in 0.2 N-NaOH before counting. Radioactivity was determined by liquid scintillation counting, with correction for quenching by the channels ratio method. Preparation of extracts. After harvest from the agar medium and washing as described, with ice-cold phosphate buffer, organisms were quickly filtered and the filter cake was placed in a chilled mortar at -5" with twice its weight of chilled 0.2 mm. glass beads. Three volumes of buffer (buffer C) containing tris-acetate (pH 7.6) 0.06 M; Mg acetate, 0.005 M; KCl, 0.01 M; spermidine, 0.0006 M; and Bentonite, 2 mg./ml. were added. This procedure was adapted from Bretthauer et al. (1963) . Freshly harvested (zero time) spores were ground with a pre-chilled pestle for I min., spores harvested after incubation were ground 45 sec.; the fresh spores were more resistant to rupture.
All extracts were centrifuged 15 min. at 12,ooog in a Sorvall RC-2B centrifuge; the supernatants obtained were used in all experiments on cell-free preparations.
Sucrose density-gradient analysis. Preparative sucrose-gradient centrifugation was accomplished using 5-2 ml. of linear 15 to 30 % (w/v) solutions of RNase-free sucrose (Schwarz BioResearch) in buffer C. Tubes were prepared by layering 75,ul. of the 12,ooog supernatant on each gradient, and the samples were spun for 50 min. in an SW 50.1 rotor in the Spinco Model L2-65B ultracentrifuge at a maximum force of 300,000g. At the end of each run, the gradients were pumped through a Gilford recording spectrophotometer and the extinction at 260 nm. was continuously monitored. RNase digestions were performed by adding 2-5 pg. of crystalline enzyme (Boehringer, Mannheim) to I ml. aliquots of the I 2,ooog supernatants. Hydrolysis was allowed to continue for 5 min. at oo, at which time both treated and untreated samples were applied to gradients.
RESULTS
Macr omo lecular synthesis during germ inat ion
Results of analyses for protein, RNA, and DNA are shown in Fig. I . These measurements were made on samples from a stirred and aerated fermentor in which the rate of germination was the same as that in the shaken flasks used in all other experiments. The sequence of initiation of syntheses (RNA first, then protein, then DNA) was the same as had been reported for conidia of higher fungi (Yanagita, 1957; Barash, 1968) , although in Microsporum gypseum protein synthesis had been found to begin before RNA synthesis (Barash et al. 1967) .
DNA synthesis during germination began only at 8 h. (81.5 % germination) and rose in the next 4h. to 2.7 times the initial level. The apparent conflict between these chemical data and the observation of Marchant (1966) that nuclei of Fusarium culmorum spores divided early in the germination period has not been resolved.
Spores which were not able to germinate because of a nutritional restriction ( Fig. I ) were able to synthesize both protein and RNA at slow rates; both only doubled over the 12 h. period, whereas protein rose fourfold and RNA sevenfold during germination. Net DNA synthesis began only after germination was complete and did not occur in non-germinating spores in the 12 h. of the experiment.
Dry-weight determinations were made but are not included in Fig Precursor incorporation during early development Leucine and uracil incorporation by washed spores in complete medium is shown in Fig. 2 . Absolute rates of total incorporation of leucine and uracil were markedly different, e.g. uptake of leucine in the first 20 min. was 0.32 nmoles/min./mg. fresh wt and that of uracil 0.058 nmoles/min./mg. fresh wt. The uptake of [3H]uridine was even slower than that of uracil but the kinetics were similar.
For incorporation of both precursors into macromolecules the data of Fig. 2 (b) show increasing rates with time, but no evidence of as pronounced a lag period such as that reported for the uptake of mixed amino acids by conidia of Aspergillus niger (Horikoshi & Ikeda, 1968) or of uracil into spores of Botryodiplodia theobromae (Brambl & Van Etten, 1970) . Total uptake (largely in the acid-soluble pool) was at all times well in excess of that incorporated into macromolecules; there is therefore no evidence that permeability was a limiting factor in synthesis.
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The slow rate of uracil (and of labelled uridine) uptake made pulse experiments impracticable; incorporation of leucine during 5 min. pulses is shown in Fig. 3 as a function of incubation time in complete medium. The principal finding was that substantial incorporation occurred at 'zero time' (actually a 5 min. pulse begun at zero time). This supported the data of Fig. 2 in suggesting that The rate of incorporation into protein reached a plateau at 15 to 30 min. and did not appreciably change thereafter ; in experiments not recorded here the plateau was found to extend to 6 h., i.e. to the time of about 50 % germination. These are specific activity values; as expected from the protein synthesis data of Fig. I , total incorporation into protein in a pulse experiment rose after 4 to 6 h. Omission of ethanol or both glucose and ethanol from the medium made no difference to the shape of the curve of Fig. 3, i. e. non-germinating spores behaved as did germinating ones for the first 2 h. of incubation.
The ratio of leucine incorporated into protein to that taken up by the organisms (Fig. 3) (Lovett, 1968) , in which a leucine pulse earlier than 15 to 20 min. was not incorporated into protein; in this organism dissolution of a nuclear cap is a necessary precondition of protein synthesis.
In the experiments so far described, spores were harvested in distilled water, filtered, washed twice, resuspended in phosphate buffer, and only then added to the medium. Under these conditions 'zero time' spores were in fact exposed to hydration for 5 to 8 min. before coming in contact with the labelled precursor. In view of the finding that hydration may trigger changes in macromolecular synthetic activity in pollen (Mascarenhas & Bell, 1969) Here (Table I) spores were scraped from the agar surface with a razor blade, weighed, and added directly to flasks containing the labelled precursor. Dry weights of samples could not be controlled more closely than to 10 %; therefore the appropriate measure of incorporating ability was taken to be the specific activity of the protein.
The results showed substantial incorporation of leucine, by scraped spores, into the hot TCA-insoluble material in 2-5 min., and about twice as much incorporation in 5 min. Cycloheximide inhibited the process 98 % (with only a minor inhibition of incorporation into the TCA-soluble, or 'pool', fraction). The usual washing and
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Macromolecules and germination in Fusarium filtration of spores (Table I, line 4) clearly permitted more rapid incorporation into protein (almost threefold) but there was no difference in the total uptake, in 10 min., between scraped spores and washed spores. We may conclude, therefore (I) that the protein synthetic capacity of the unhydrated spores was real but significantly lower than that of washed spores, and (2) that this difference could not be attributed to differences in permeability to or accumulation of the precursor amino acid (95 or more of the non-protein label was in the pool extractable with cold 5 % TCA). Thus, with pools of the same size, unwashed spores had 6 % of the total cell leucine in protein, whereas washed spores had 18 % in protein. For the first conclusion above to be valid, it must be shown: (i) that extracts from ungerminated spores can synthesize protein, at least so far as incorporation of labelled amino acids is indicative of this process; and (ii) that polysomes should exist in ungerminated spores, although not necessarily in large numbers. The first of these tests was described in a separate paper (Rado & Cochrane, 1971) ; the second is considered next.
Polysomes in ungerminated and germinated spores. In an effort to obtain valid sedimentation patterns from spores, a number of disruptive procedures were tried. Extracts prepared by disrupting the spores in a French pressure cell at a pressure of 20,000 Ib/sq. in, were shown to contain only 80s monomeric units in spite of the presence of Bentonite in the suspension buffer and the maintenance of temperatures within the range o to 5 O . Rapidly sedimenting material was also absent from extracts prepared by freezing the spore cake to the temperature of solid CO, and subsequently grinding in a mortar at the same temperature, using crushed solid CO, as abrasive (J. S. Lovett, personal communication) . The absence of rapidly sedimenting material in extracts prepared by these methods led eventually to the adoption of the procedure described in Methods. Use of this method resulted in extracts containing rapidly sedimenting material only when the grinding time was kept well below 2 min.
Macroconidia incubated in complete medium for 15 min., 4 h. and 12 h. were shown to contain material which sedimented more rapidly than the 80s peak and which was digestible by RNase (Fig. 4) . In addition to showing an increase in the amount of heavy material present in the extracts, the graphs indicate that the actual peaks representing aggregates of specific size classes also became more clearly defined with time. Since all the heavy peaks increased proportionally, it is likely that an 52 J. C. COCHRANE, T. A. R A D O AND V, W. COCHRANE equivalent increase occurred in the amount of each of the ribosome classes present at the earliest time; this tends to rule out the preferential synthesis of any one class. Planimetric analyses of the areas under the 80s peaks of digested and non-digested extracts showed that, between 15 min. and 4 h. in ethanol-containing medium, the amount of RNase digestible material increased nearly threefold and that between 4 and 12 h. another twofold increase occurred.
Freshly harvested macroconidia, and conidia incubated for 15 min. and for 4 h. in medium without ethanol, were found to contain rapidly sedimenting, RNase-digestible material (Fig. 5) -The amount of RNase-digestible material increased at the same rate in non-germinating spores as in germinating spores, and the total increase in the period between 15 rnin. and 4 h. was approximately fourfold. The studies on nongerminated spores indicated that, as with the germinated spores, the increase in the 
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amount of Eza0 material sedimenting more rapidly than the monosornes was the result of generalized polyribosorne formation rather than specific synthesis of any one size class. It should be noted that although no rapidly sedimenting peaks were observed in the extracts of zero-time ungerminated (freshly harvested) spores, the increase in magnitude of the 80s peak after RNase treatment of the extracts strongly suggest that polyribosomes were present (see Discussion). The extreme lability of the polyribosornes is demonstrated by the care which had to be taken during cell disruption to avoid their breakage. Studies of the grinding procedure indicated that freshly harvested spores had to be ground for more than the time required to break spores which had previously been incubated in medium. The necessity of using a harsher disruptive procedure (longer grinding) may account for the difieulty encountered in obtaining clearly defined polyribosornes from zero-time material. The importance of using an RNase inhibitor during preparation of extracts is made clear by the observation that none of the classes of spores studied yielded polyribosomes when Bentonite was left out of the grinding and suspension buffers.
DISCUSSION
The sequence of macromolecular syntheses during germination is, as noted earlier, in agreement with some, but not all, other studies an the conidia of higher fungi. This sequence (RNA first, then protein, then DNA) has also been reported in zoospore germination in BIustocZadielZa ernersonii (Lovett, I 968) and in zinc-deficient Rhizopus nigricans mycelium after provision of adequate zinc (Wegener & Romano, 1963) .
This sequence is also the same during the outgrowth of bacterial endospores (Hansen, Spiegelman & Halvorson, 1970). Note that the term 'germination' is used in work on fungal spores to comprise all events from first contact with the medium to formation of the final structure, whereas in bacteria the same term has been limited to describe only the initial transformation of (usually) heat-activated endospores from a dormant to a metabolically active state (Hansen et al. 1970) .
Kinetic and pulse experiments reported here show that the macroconidium has, within a few minutes of removal from the parent mycelium, the capacity to incorporate precursors into RNA and protein. Incorporation by itself does not bear on the problem of specific syntheses, which may be critical in the germination process.
Defined polysome peaks appear within 15 min., both in complete medium and in a medium not permitting germ-tube formation. The claim for the presence of polysomes at zero time rests on the assumption that the shift of RNase-digestible material from the heavy region of the ultracentrifuge profile to the region of the monoribosome peak reflects dissociation of polysomes by the enzyme. This assumption has been made in several studies on dormant structures: seeds (Marcus & Feeley, 1965)~ animal eggs (Golub & Clegg, I 968) , bacterial endospores (Chambon, Deutscher & Kornberg, 1968) , and pollen (Mascarenhas & Bell, 1969) .
As mentioned in the Introduction, indubitable polysome peaks have been shown in ungerminated spores of other fungi. The experiments reported here differ in that the time interval between harvest and extraction has been reduced to a few minutes. The experiments in vivo point to the importance of the time factor; evidently, in Fusurium solani at least a very rapid development of synthetic capacity occurs during the conventional washing procedure.
